ABSTRACT A bioassay for observing wireworm behavior in soil is described. The bioassay permits analysis of orientation, feeding, repellency, and postcontact toxicity behaviors of wireworms in response to insecticide-treated wheat seeds. Wireworm positions were recorded every 5 min for 3 h, and the time required to orient to and contact seeds, and the duration of individual feeding events, was calculated. Both avoidance (before contact with seeds) and repellency (after contact) were quantiÞed. A high proportion of Agriotes obscurus (0.95), Limonius canus (1.00), Ctenicera pruinina (0.80), Melanotus communis/dietrichi (0.80), and Hypolithus sp. (0.70) larvae contacted untreated wheat seeds and began feeding within 120 min when seeds were preincubated for 60 min in soil with 20% moisture. A smaller proportion of A. obscurus contacted seeds if seeds were not incubated in the bioassay before wireworm introduction (0.80) or in soil with 10% moisture (0.65). L. canus larvae required a signiÞcantly shorter time (25.3 min) to contact seeds if seeds were incubated for 60 min than if seeds were not incubated before wireworm introduction (43.1 min). Wireworms exposed to untreated seeds and seeds treated with the fungicide Dividend XLRTA fed normally (i.e., sustained feeding for at least 60 min), but a signiÞcant proportion of wireworms exposed to seeds treated with Teßuthrin 20 CS (containing the synthetic pyrethroid teßuthrin) fed for 15 min or less and were subsequently repelled. Wireworms exposed to Vitavax Dual (containing the organochlorine lindane) were not repelled after feeding and showed symptoms of illness for up to 28 d before making a full recovery (89%) or dying (11%).
Wireworms are an increasing concern for many horticultural crops in North America (Grove et al. 2000, Parker and Howard 2001) . The dusky wireworm, Agriotes obscurus L., and the lined click beetle, A. lineatus L., have become serious pests of vegetable, small fruit, forage, and ornamental crops in British Columbia (Vernon and Pats 1997) , and recently have been found in Washington (Vernon et al. 2001) and Oregon (Lagasa et al. 2006) . Outbreaks of the Great Basin wireworm, Ctenicera pruinina (Horn), and the PaciÞc Coast wireworm, Limonius canus LeConte, also have been reported for several crops in the PaciÞc Northwest (Horton and Landolt 2002) .
The increase in wireworm problems is attributed, at least in part, to the loss of insecticides formerly used for their control (Vernon et al. 2001, Horton and Landolt 2002) . The initial removal of the persistent organochlorines, followed by more recent loss of the higher-risk organophosphate and carbamate insecticides, has left many crops without acceptable wireworm control options. Synthetic pyrethroid (e.g., teßuthrin), chloronicotinoid (e.g., imidacloprid), thianicotinoid (e.g., clothianidin), and phenyl pyrazole (e.g., Þpronil) insecticides now have become the cornerstone of wireworm control programs, and purportedly give economically acceptable control (MaienÞsch et al. 2001) .
All assessments of currently used insecticides for wireworms have been based on observations of crop stand protection and yield (i.e., cereal and forage crops) and/or cosmetic crop damage (e.g., potato) rather than on direct measurements of wireworm populations in the Þeld ). Thus, we have no information on the mechanisms of crop protection, i.e., whether the insecticide has lethal, intoxicant, and/or repellent effects on wireworms. Moreover, not all wireworm species may respond to an insecticide in the same manner (Lange et al. 1949) .
Little is known about the sublethal effects of insecticides on wireworms. Recent work in our laboratory has indicated that exposure to sublethal concentrations of neonicotinoid, synthetic pyrethroid, or phenyl pyrazole insecticides may cause prolonged periods of morbidity (Ͼ150 d), characterized by the loss of coordination and an inability to feed, after which wire-worms can make a full recovery. This morbidity has been observed in A. obscurus, the common click beetle, A. sputator L., L. canus, Ctenicera pruinina, and the prairie grain wireworm, C. destructor (Brown) ). Additional studies suggest that reductions in wireworm (A. obscurus) damage to wheat and potato crops treated with neonicotinoid insecticides are caused by long-term morbidity rather than mortality, because populations in treated plots sometimes recover to pretreatment levels postharvest (R. S. Vernon, unpublished data). Avoidance of an insecticide to wireworms might also provide crop protection by preventing wireworm access to crops during establishment. This is more particularly the case with crops that are vulnerable during germination (i.e., cereals and forages) than crops requiring later season protection (e.g., potato). Some wireworm species are known to be repelled by arsenic (Lehman 1933) , terbufos (Belcher 1987) , chlordane, chlorpyrifos, and fonofos (Missionnier and Brunel 1979, Horne and Horne 1991) and lindane (Long and Lilly 1958, Toba et al. 1988) . From these observations, it is apparent that repellency (i.e., oriented movement away from a stimulus, Dethier et al. 1960) , and longand short-term sublethal and lethal effects of novel or traditional insecticides on wireworm populations are important in the design of knowledge-based resistance and integrated pest management (IPM) programs.
To quantify behavioral effects of insecticides on insects, a bioassay that simulates their natural environment is needed. Wireworm behavior in response to insecticides has been monitored in petri dishes lined with moist Þlter paper (Chaton et al. 2003) . However, such bioassays do not represent natural conditions and furthermore are unsuitable for observing the foraging behaviors of wireworms or for determining how wireworms respond to insecticidal compounds in soil. To create an observation chamber that simulated natural conditions, a soil-Þlled bioassay arena with no large air spaces was developed. Behavioral bioassays with Þve economic wireworm species were conducted under various soil moisture and seed incubation conditions. The wireworm species tested, notably A. obscurus/ lineatus, L. canus, C. pruinina, Melanotus communis/ dietrichi, and Hypolithus spp., are signiÞcant pests of potato, vegetable, corn, and wheat crops (Glen 1950 , Riley and Keaster 1979 , Horton and Landolt 2002 , Vernon 2005 and represent a wide range of wireworm sizes (i.e., late instar sizes: 8 Ð26 mm). In a second group of studies, A. obscurus larvae were exposed to untreated seeds, seeds treated with the fungicide Dividend XLRTA, and with the insecticides Teßuthrin 20 CS (containing the synthetic pyrethroid teßuthrin) and Vitavax Dual (containing the organochlorine lindane) to assess the effect of these chemicals on wireworm orientation, repellency, feeding, and postcontact behavior and wireworm health. Previous laboratory work indicated that wireworms may be repelled by both types of insecticides (W. G. van Herk, unpublished data). Methods for maintaining wireworm cultures and assessing wireworm health are described.
Materials and Methods
Wireworm Collection, Preconditioning, and Bioassays. Five collections of wireworm larvae were made from different regions of North America. C. pruinina were collected in June 2004 from virgin land near Boardman, OR (45Њ41Ј N, 119Њ50Ј W). Larvae were identiÞed using the taxonomic key developed by Glen (1950) (Becker 1956 ), pheromone traps deployed in this area the following summer established that the adult population was predominantly A. obscurus (i.e., 8,568 of 9,377 click beetles collected). Agriotes larvae used in bioassays were at least 15 mm long and thus 3Ð 4 yr old based on length criteria developed by Subklew (1934a) . Larvae of L. canus were collected in July 2005 from an organic vegetable farm in Kelowna, British Columbia (49Њ49Ј N, 119Њ26Ј W) and identiÞed using the taxonomic key developed by Lanchester (1946) . All L. canus were at least 14 mm long and therefore 3Ð 4 yr old (Wilkinson 1963) . Late-instar Hypolithus spp. larvae were collected in June 2005 near Allen, Saskatchewan (51Њ53Ј N, 106Њ04Ј W) and identiÞed using the taxonomic key developed by Glen et al. (1943) . Late-instar M. communis/dietrichi larvae were collected in September 2005 from a vegetable Þeld near Harrow, Ontario (48Њ01Ј N, 82Њ54Ј W) and identiÞed using the taxonomic key developed by Riley and Keaster (1979) . These two species cannot be distinguished by morphological characteristics as larvae (Riley and Keaster 1979) .
Larvae were stored by species in plastic tubs Þlled with screened soil at 15Ð20ЊC until used. Potato slices (cultivar Russet Burbank) placed cut face down on the soil provided food. To mimic natural conditions, larvae of C. pruinina were stored in a mixture of screened soil, sand, and vermiculite (2:1:1, respectively). Soil was passed through a 3 by 3-mm sieve to remove rocks and visible organic material, oven dried (70ЊC for 48 h), and rehydrated to 10, 20, or 30% moisture (by weight) 1Ð2 d before bioassays. Soil was rescreened immediately before bioassays to break up any clumps and ensure a uniform layer when soil was placed in the arena.
All wireworms used in bioassays were collected directly from the Þeld and were visually inspected to ensure they were healthy and active before placement with soft touch tweezers (Fine Science Tools, Vancouver, British Columbia, Canada) into the bioassay arena. To reduce variability, only wireworms feeding on potato slices at the time of selection were selected for bioassays ). To increase their sensitivity to chemical stimuli, feeding wireworms were removed from the potato pieces 2Ð3 d before the bioassay and held in soil in 500-ml storage containers with soil but no food (Thorpe et al. 1947) .
Bioassay Design. Bioassay arenas were made by Simon Fraser UniversityÕs Science Technical Center (Burnaby, British Columbia, Canada) and consisted of three separate 30.0 by 30.0-cm sections of transparent Plexiglas connected by small carriage bolts (Fig. 1) . Both top and bottom sections were 6 mm thick, whereas the center section was 4 Ϯ 0.1 mm thick. A 26.0-cm-diameter hole was machined into the center section, creating a 531-cm 2 circular chamber that could be Þlled with soil. A transparent plastic grid overlaying the top section divided the chamber into 113 equally sized cells that were grouped into eight concentric rings and four quadrants (Fig. 1 ). Rings and cells were numbered from the center outward, with ring 1 consisting of a single cell (cell 1) touching all four quadrants; other cells were restricted to individual quadrants. Cells 89, 96, 103, and 110 were the middle cells of the outermost ring (ring 8) in quadrants I, II, III, and IV, respectively ( Fig. 1) .
As wireworms are known to orient to germinating wheat seeds after carbon dioxide gradients (Doane et al. 1975) , Þve wheat seeds (cultivar Superb) were placed in cell 1 with soft-touch tweezers after the bioassay chamber was carefully Þlled with an even, 4-mm layer of sandy-clay loam soil. Wheat seeds had germinated for 44 Ð 48 h at room temperature (RT; 21 Ϯ 1ЊC) on moist paper towel ensuring 10-to 15-mm shoot length that extended partly into ring two (cells 2Ð5), before placement in the bioassay. Preliminary experiments determined that A. obscurus oriented poorly to seeds germinated 24 h or less.
After seeds were placed, the top section was put in place and fastened with eight small carriage bolts (Fig.  1 ). Arenas were positioned horizontally on a raised wooden frame to permit observations through both the top and bottom sections. Seeds were allowed to incubate in soil in the assembled bioassay for 0 Ð90 min, after which wireworms (one per arena) were introduced into the bioassay chamber through a 5.0-mm hole in the top center of cell 89, 96, 103, or 110 ( Fig. 1) . The wireworm introduction hole was sealed with pressure sensitive tape (VWR International, Delta, British Columbia) throughout the seed incubation and wireworm observation periods and opened only for wireworm insertion (Ͻ1 min).
In the Þrst study, conducted between September and December 2005, four different seed incubation treatments, 0, 30, 60, or 90 min, were tested in soil with 20% moisture to see if this affected the proportion of wireworms and the time required to contact the seeds (Table 2 ). Twenty A. obscurus/lineatus and 20 L. canus were exposed per treatment. All wireworms were observed for 120 min.
To determine if the moisture content of the soil affected the proportion of wireworms orienting to the seeds and the time required to contact the seeds, A. obscurus/lineatus larvae were exposed to seeds incubated for 60 min in soil with 10, 20, and 30% moisture (by weight) ( Table 2 ). Twenty larvae were exposed to each treatment and observed for 120 min (as above). In addition, 10 A. obscurus/lineatus and 10 L. canus larvae were observed for 120-min bioassays Þlled with 20% moisture soil but no seeds to determine whether wireworms move to cell 1 in the absence of germinated seeds. Wireworms and soil were used once per bioassay replicate, and arenas were washed between observations.
To determine the effect of insecticide-treated wheat seed on the movement and feeding behavior of A. obscurus/lineatus, a second study was conducted in which larvae were exposed in bioassay arena to untreated wheat seeds (cultivar Superb), seeds treated with Vitavax Dual (containing 50 g lindane and 54 g carbathiin) at 124 g (AI)/100 kg, seeds treated with the fungicide Dividend XLRTA (containing 3.21% difenoconazole and 0.27% mefenoxam) at 13 g (AI)/ 100 kg seed, or seeds treated with Teßuthrin 20 CS (teßuthrin) at 10 g (AI)/100 kg seed plus Dividend XLRTA at 13 g (AI)/100 kg seed. Twenty to 30 larvae were (randomly) exposed per treatment. All seed treatments were germinated for 48 h and incubated for 60 min in soil with 20% moisture before introduction of wireworm larvae.
Tracking Wireworm Movements. The location of each wireworm in the bioassay arena was recorded every 5 min for 120 min in the preliminary multispecies test and 180 min in the wheat seed treatment test. A 5-min interval was chosen because previous studies determined that this is approximately the time required for wireworms to move from one cell to the next (3Ð 4 cm) through undisturbed soil in the arena (unpublished data). Wireworm position was based on the location of their head capsule and recorded into an MS Excel spreadsheet. Up to 10 separate arenas, each with a single wireworm, were observed on each day, with each observation of a larva in an arena taking Ϸ30 s. As larvae of some wireworm species are negatively phototrophic to white light (Subklew 1934b , Falconer 1945 ), all observations were conducted under lowintensity red light (0.75 E/s/m 2 , measured with a Li-188B integrating quantum radiometer/photome- ter; Li-Cor, Lincoln, NE). In addition, the behavior under regular laboratory light (intensity ϭ 11.57 E/ s/m 2 ) was observed for 20 A. obscurus/lineatus and 20 L. canus to wheat seed incubated for 60 min in 20% soil moisture for comparison with behavior of these species under red light conditions and the same seed incubation and soil moisture conditions. Movement and Behavior. Wireworms were considered to have "oriented" toward the seeds when they entered ring 4 (ϭ5 cm or less from seeds) and to have "contacted" the seeds when they entered ring 2 (where germinated roots often penetrated). Wireworms were considered to be feeding when their mouthparts were in contact with the seeds. Because wireworms begin feeding immediately on contact with germinated wheat seeds and continue feeding without interruption, the duration of feeding can be estimated by multiplying the number of observed feeding intervals by 5 min, i.e., the interval between observations. Based on preliminary observations of wireworms on untreated seeds, wireworms observed feeding during 12 consecutive observations (60 min) or longer were considered to be feeding normally.
Wireworms that fed for 10 min or less were considered to be "sample feeding." Wireworms bite plant roots when stimulated by carbon dioxide (Doane et al. 1975 ) and presumably determine host suitability from the exudates released (Thorpe et al. 1947 , Davis 1961 . Sample feeding was usually accompanied by abrupt movement away from the germinated seeds, i.e., out of rings 1 and 2. Wireworms were considered to be "repelled" if, after having contacted the seeds, they retreated to rings 5Ð 8 in Ͻ30 min. Wireworms were said to "avoid" seeds if, after orienting, they failed to contact them.
Postfeeding Behavior and Health Observations. Wireworm health was evaluated immediately after removal from arenas using the protocol and criteria developed by Vernon et al. (2007) . Larvae that moved from the middle of an 8-cm-diameter circle drawn on a moist 12.5-cm Þlter paper placed in a 15-cm petri dish arena within 2 min were designated as "alive." Wireworms that did not move in this manner, but were capable of other body movements, were designated as "writhing." Wireworms (both prodded and not prodded) that made no visible body movements but exhibited minor leg and/or mouthpart movement when inspected under a dissecting microscope were designated as "appendage movement." Wireworms exhibiting writhing or appendage movement are collectively termed "moribund" ). All other wireworms, i.e., no visible body movements with or without prodding, were designated "probably dead" but were kept (as described below) for up to 4 wk, after which they showed obvious signs of decomposition.
After the initial health assessment, all wireworms were placed individually in 30-ml cups Þlled with Ϸ20 g screened soil (20% moisture). Health checks (as above) were repeated 1, 3, and 7 d after the bioassay and weekly thereafter until all wireworms had either died or made a full recovery. After each health check, wireworms were carefully returned to their cups and covered with a thin layer of soil to prevent moribund wireworms from desiccating on the soil surface. Cups were sealed with lids and stored at 20 Ϯ 1ЊC between health checks. Soft-touch tweezers were used during all handling to avoid damage to wireworms.
Wireworms used in the Þrst study were measured and weighed on a analytic balance (Sartorius AG, Goettingen, Germany) after the initial health assessment. Wireworm width was measured at the widest point on the body (second or third abdominal segment).
Statistical Analysis. Proportions of A. obscurus/lineatus that contacted wheat seeds in the Þrst study were compared using 2 analysis (PROC FREQ, SAS Institute 1990), with separate comparisons for seed incubation durations and for soil moisture content. Similarly, proportions of L. canus that contacted wheat seeds were compared with 2 analysis (PROC FREQ, SAS Institute 1990). Proportions of both species observed under normal light conditions were not included in these analyses. For each species, mean times required to contact seeds under different soil moisture and/or seed incubation conditions were compared (separately) using analysis of variance (ANOVA; PROC GLM, SAS Institute 1990). Means were separated with Tukey-KramerÕs honestly signiÞcant difference (HSD) test (P ϭ 0.
05). For both A. obscurus/ lineatus and L. canus, comparisons of contacting times between light and dark under same moisture and seed incubation conditions were done with StudentÕs t-test (PROC TTEST, SAS Institute 1990).
In the second study, proportions of wireworms that oriented to, contacted, were repelled by, or became sick from treated and untreated seeds were compared with 2 analysis (PROC FREQ, SAS Institute 1990), followed by separation using RyanÕs multiple range test (Ryan 1960, Horton and Landolt 2002) . Mean times to orient to or contact seeds and mean feeding durations were compared using ANOVA (PROC GLM, SAS Institute 1990), followed by separation with Tukey-KramerÕs HSD test (P ϭ 0.05). All proportions were arcsine-square root transformed, and orienting and feeding times were square root (x ϩ 0.5) transformed to stabilize the variance (assessed with Proc UNIVARIATE, SAS Institute 1990) before analysis and comparisons (Southwood 1966) .
Results
General Observations. Wireworm length, width, and weight varied considerably among species (Table  1) . The location and behavior of both large wireworms (e.g., M. communis/dietrichi and C. pruinina) and small wireworms (e.g., Hypolithus sp.) could be determined easily in this bioassay, indicating that a 4-mm-deep soil layer is appropriate for both sizes. In contrast, wireworms were harder to Þnd in preliminary experiments with thicker layers of soil (e.g., 6 mm), different media (e.g., sand, vermiculite; data not shown), or different soil moistures. For example, wireworm burrows often collapsed in soil with 10% mois-ture. In soil with 30% moisture, wireworms could be found, but the soil proved difÞcult to spread in a homogeneous layer in the arena and condensation accumulating on Plexiglas walls made observations difÞcult.
Orientation Behavior: Effect of Soil Moisture, Seed Incubation, and Light. In the absence of wheat seeds, wireworms rarely oriented to the center of the arena. Only 3 of 10 A. obscurus/lineatus and 2 of 10 L. canus observed in soil with 20% moisture passed through the center (cell 1) during a 2-h observation period. None of the wireworms stopped when they reached cell 1, and movement appeared random. In all treatments, wireworms often entered burrows they had previously made, conÞrming the observation of Lees (1943b) that wireworms prefer to use preexisting burrows in soil.
In the presence of wheat seeds, most wireworms oriented to and contacted the seeds within 120 min in the various soil-moisture and seed-incubation bioassays (Table 2) . Comparison of contact behavior of A. obscurus/lineatus placed in 20% moisture soil under red light for different seed incubation periods indicated no signiÞcant differences among either the proportions of wireworms that contacted seeds ( 2 ϭ 3.33, df ϭ 3, P ϭ 0.34) or the time required to contact seeds (F ϭ 1.78, df ϭ 3,68, P ϭ 0.16).
Comparison of contact behavior of A. obscurus/ lineatus placed in soil with different moisture contents with seeds incubated 60 min indicated signiÞcant differences among the proportions of wireworms that contacted seeds ( 2 ϭ 9.41, df ϭ 2, P ϭ 0.009), with signiÞcantly fewer wireworms contacting seeds in 10% moisture soil than in soil with 20 and 30% moisture (Table 2) . Some wireworms that did not Þnd the wheat seeds in soil with 10% moisture did orient initially, but thereafter moved past the seeds without contacting them. These wireworms subsequently moved up to 20 cm backward and forward in their burrows. There were no differences among treatments in the times required for responsive A. obscurus/lineatus to contact seeds (F ϭ 0.29, df ϭ 4,48, P ϭ 0.75). Because of the difÞculty of observing wireworms in soil with 10 and 30% moisture and the relatively low proportion that oriented to the seeds in soil with 10% moisture, 20% soil moisture was selected for all subsequent bioassays.
Comparison of contact behavior of L. canus placed in soil with 20% moisture in the red light for different seed incubation periods indicated no signiÞcant differences among proportions of wireworms that contacted seeds ( 2 ϭ 2.03, df ϭ 2, P ϭ 0.36), but significant differences among contact times (F ϭ 6.00, df ϭ 2,56, P ϭ 0.004), with contact requiring signiÞcantly longer if seeds were incubated in the arenas for 0 min than if incubated 30 or 60 min. In the 0-min incubation treatments, about one half of L. canus and A. obscurus/ lineatus moved toward the seed but moved past the seeds without contact. This behavior was not observed when seeds were incubated for 30 or 60 min (data not shown).
Because seed incubation for 60 min in soil with 20% moisture produced a high proportion of contact in a short amount of time for both A. obscurus/lineatus and L. canus, these conditions were selected for bioassays with C. pruinina, M. communis/dietrichi, and Hypolithus sp. High proportions (0.8, 0.8, and 0.7, respec- tively) of all three species oriented to the seeds under these conditions (Table 2) .
Observations conducted under normal light conditions indicated that both the proportion that contacted seeds incubated for 60 min in soil with 20% moisture and the time required for contact were not signiÞcantly affected by light (P Ͼ 0.05; Table 2 ) for either A. obscurus/lineatus or L. canus. However, under laboratory light conditions, wireworms (both species) spent more time on the bottom of the soil layer or in the middle of the soil than when bioassays were conducted in the dark (data not shown). This made observations more difÞcult.
Orienting Behavior: Effect of Insecticide Treatment. There was no signiÞcant difference (Table 3) among proportions of A. obscurus/lineatus that oriented to untreated seeds and to seeds treated with Dividend, Teßuthrin, and Vitavax in the second study ( 2 ϭ 1.92, df ϭ 3, P ϭ 0.59) or among proportions of wireworms that contacted untreated and treated seeds ( 2 ϭ 4.31, df ϭ 3, P ϭ 0.23). Wireworms exposed to seeds treated with Teßuthrin required more time to orient to and contact than wireworms exposed to Dividend-treated seeds.
Feeding and Repellency Behavior. All wireworms that contacted untreated seeds in the soil moisture and seed incubation treatments began feeding immediately. Virtually all wireworms continued feeding until the bioassay apparatus was dismantled at the end of the observation period, at which time wireworms often had to be physically removed from the seed. Similarly, in the second study most wireworms exposed to both untreated and Dividend-treated seeds were still feeding at the end of the observation periods.
The duration of feeding differed signiÞcantly among treatments in the seed treatment studies (F ϭ 78.30, df ϭ 3,72, P Ͻ 0.0001), with wireworms feeding signiÞcantly longer on the two control (untreated and the fungicide Dividend) treatments than on seeds treated with the insecticides Teßuthrin and Vitavax (Table 4 ). There were signiÞcant differences among treatments both in the proportion of wireworms that fed normally ( 2 ϭ 60.00, df ϭ 3, P Ͻ 0.0001; Table 4 ) and in the proportion that sample fed ( 2 ϭ 62.19, df ϭ 3, P Ͻ 0.0001; Table 4 ). Sample feeding was observed more often when wireworms were exposed to seeds treated with Teßuthrin than with all other treatments (Table 4) . Indeed, after 5-to 10-min feeding, wireworms often rapidly backed up 10 cm or more in their burrows. This postcontact repellent behavior observed for wireworms exposed to Teßuthrin was not observed for the other treatments ( 2 ϭ 48.96, df ϭ 3, P Ͻ 0.0001; Table 4) . A large proportion (10/19) moved away from Teßuthrin after the Þrst contact and subsequently returned to the seeds, at which time most (9/10) were again quickly repelled after sample feeding. Although sample feeding was not observed in wireworms exposed to Vitavax-treated seeds, they did feed for a shorter time than wireworms in control treatments (Table 4) .
Illness and Mortality. Wireworm health was assessed in all treatments at the end of the bioassays and routinely thereafter for 84 d. Wireworms in all treatments with untreated seeds and seeds treated with Dividend showed no symptoms of morbidity (Vernon et al. 2007, in press) at the end of the bioassays or thereafter (Fig. 2) . In contrast, most (19/20; Fig. 2) wireworms that contacted seeds treated with Vitavax were writhing at the end of the bioassays. Of these, most (16/19; Fig. 2) were still writhing 7 d after the bioassay, but most had recovered after 14 d. Two of the wireworms that recovered subsequently died within 56 d (Fig. 2) . Similarly, nearly one half (9/20, Fig. 2 ) of the wireworms that contacted Teßuthrin-treated seeds were moribund at the end of the bioassay, all had recovered within 7 d (Fig. 2) , and two wireworms died within 56 d (Fig. 2) . 
Discussion
Orientation Behavior. The high proportions of all wireworm species tested in arenas that oriented to the seeds if soil moisture was 20% and seed incubation was 30 or 60 min (Table 2) indicates that these conditions are suitable for a wide range of wireworm species. Either increasing or decreasing soil moisture content or reducing incubation time reduced effectiveness of bioassay. The longer times required by C. pruinina and Hypolithus larvae to reach the seeds relative to other species may have been caused by the low overall activity of C. pruinina and the smaller size of the Hypolithus larvae (Table 1 ). The high proportion of A. obscurus/lineatus that oriented toward seeds treated with Dividend, Vitavax, and Teßuthrin indicates that wireworms were not repelled by these chemicals before contact.
Feeding and Repellency Behavior. The prolonged feeding on untreated seed corresponds to the Þnding of Crombie and Darrah (1947) that wireworms that reach a germinated grain seed "will usually remain there feeding for several hours or days." Because observations of A. obscurus/lineatus exposed to Dividend and untreated seeds did not continue until wireworms stopped feeding voluntarily, it cannot be concluded from Table 4 that Dividend had a measurable effect on feeding.
Analysis of feeding duration in insecticide treatments indicated that feeding behavior was signiÞ-cantly affected when wireworms were exposed to seeds treated with Teßuthrin and Vitavax. Larvae of A. obscurus/lineatus were repelled by Teßuthrin after contact, but not by either Dividend or Vitavax. Because A. obscurus/lineatus were not repelled by Div- idend, the repellency observed in the Teßuthrin treatment (which included Dividend as a fungicide) was likely caused by Teßuthrin. Although synthetic pyrethroids are known to repel a variety of insects (Sparks et al. 1989) , the repellency of Teßuthrin to wireworms has not been previously reported. The repellent behavior observed in this study was previously described by Lees (1943a) , who observed it in wireworms encountering dry soils while burrowing. The shorter feeding duration at the Vitavax-treated seeds was accompanied by a cessation of movement and feeding, suggesting wireworms were ill.
Illness and Mortality. The morbidity symptoms observed after feeding on seeds treated with Teßuthrin and Vitavax in these studies are similar to those previously observed for A. obscurus exposed to dermal applications of lindane and teßuthrin in a series of LC 50 studies ). In both the LC 50 studies and in these bioassays, wireworms showed similar symptoms of morbidity, almost complete recovery, and then a relapse of morbidity symptoms and death ). Although only a small proportion of A. obscurus/lineatus died after contacting seeds treated with Vitavax and Teßuthrin in this study (Fig. 2) , mortality was only observed by 28 d after the bioassay, indicating the importance of longterm health checks.
Evaluation of Bioassay. Both Doane et al. (1975) and Horton and Landolt (2002) used plate-glass bioassays sprinkled with soil to observe wireworm orientation to germinating wheat seeds and other baits under more natural conditions. Attempts to use a similar bioassay in our laboratory, however, indicated that most wireworms would move partly over the surface of the soil to reach germinating wheat seeds and that the bioassay did not adequately represent natural conditions. The bioassay here described prevents open air spaces, forcing wireworms to move through the soil to reach the wheat seeds.
The high proportion of all Þve wireworm species that oriented to the seeds in this bioassay and the relative ease with which wireworm position and behavior could be assessed suggest that this bioassay can be used to determine the behavioral responses of most wireworm species exposed to treated or untreated wheat seeds. For smaller wireworms (e.g., early-instar Hypolithus spp. or Agriotes spp.), a thinner soil layer (e.g., 3 mm) may increase wireworm visibility. For all species observed in this bioassay, Þve germinating seeds incubated for 30 or 60 min in 20% soil moisture appeared to be suitable conditions for inducing a rapid orientation response in a high proportion of wireworms. Considering the diversity of the species tested, these conditions are likely suitable for many other economically important wireworm species.
Observing wireworm location and behavior every 5 min using the criteria described above allowed us to determine if there are behavioral responses to insecticidal compounds. The bioassay permits direct observation of symptoms of morbidity (e.g., writhing behavior) and different feeding behaviors (e.g., sample feeding) without removing the wireworm from the soil. Posttest observations of wireworms exposed to Teßuthrin-and Vitavax-treated seeds also indicate that long-term health checks are necessary to assess the ultimate effect of insecticide treatments.
Finally, wireworms exposed to Teßuthrin-treated seeds were observed to orient, sample feed, and be repelled repeatedly during a 180-min observation. This suggests that wireworms may repeatedly contact and feed on seeds treated with repellent insecticides, potentially accumulating sufÞcient toxin to kill them. Alternatively, if wireworms are capable of aversion learning, those that were repelled and became ill from sample feeding may not return for subsequent feedings, thus reducing the effectiveness of a repellent insecticide for wireworm control. These questions can be addressed by continuing the bioassays for longer periods.
While insecticides that intoxicate or repel wireworms may give temporary crop stand protection and permit seedlings to become established after planting, they may not protect plants from wireworm attack later in the season when intoxicant and/or repellent effects have dissipated. Information on these sublethal effects is also important in the selection of replacement insecticides for lindane as cereal and forage crop seed treatments that have been used previously to reduce wireworm populations in Þeld crops (Toba et al. 1988) or in trap crops (Vernon 2005) . Insecticides that elicit repellency in wireworms in this bioassay are not likely to be effective in the Þeld. The bioassay and methods described herein can be used to determine the repellent and toxic effects of insecticides before they are evaluated under Þeld conditions in various management strategies for wireworm control.
